The first assignment of the vibronic ground state rotational spectra for F2C = CH 9Br and F2C=CH81Br is reported. Only /ib-type transitions could be observed. This indicates, that the C F and C Br bond dipole moments are almost equal despite of the large difference in the Pauling electronegativities of the two halogen atoms. The complete quadrupole Br-coupling tensors includ ing their orientation with respect to the molecular principal inertia axes could be determined and are discussed within the Townes-Dailey model. A partial restructure is proposed.
Introduction
We have initiated the present study in view of our current interest in the effects of fluorine substitution on the geometries, magnetic properties and bonding in small molecules. The rather dense microwave spec trum of F2C=CHBr has never been studied before. So, in this initial study, we report the assignment of the spectrum and we discuss the observed bromine nuclear quadrupole coupling. Detailed studies of the Stark effect, the rotational Zeeman effect and of the 13C-isotopic species are planned for the near future.
\ I Experimental A sample of l-bromo-2,2-difluoroethylene, a gas at room temperature, was obtained from Fluorochem Ltd., Old Glossop (Great Britain) and was used with out further purification. A rough prediction of the spectrum was calculated from an approximate struc ture, guessed as a composite from the structures of F2C =C H 2 [1] and of H2C=CHBr [2] , see Figure 1 .
From this first prediction with rotational constants A = 10.85 GHz, £=1.41 GHz, C= 1.25 GHz for the 81Br-species and A = 10.85 GHz, B= 1.43 GHz and C = 1.26 GHz for the 79Br-species, near prolate top /zaand ^ib-type spectra were calculated. Transitions, in volving levels with larger /Ca-quantum numbers (Ka = Reprint requests to Prof. Dr. D. H. Sutter, Institut für Physikalische Chemie, Universität Kiel, Olshausenstraße 40, W-2300 Kiel, FRG. Fig. 1 . Within an additivity scheme for bond moments, super position of the electric dipole moment vectors of 1,1-difluoroethylene and bromoethylene should lead to the dipole moment of l-bromo-2,2-difluoroethylene (the ethylene-configuration, which is additionally produced that way has zero dipole moment). Since the a-components largely compensate in such a superposition, one expects the dipole moment to be closely aligned to the b-axis of the moment of inertia tensor. This explains why no /ia-type transitions and no rapid /ia-type Stark effects could be observed.
0932-0784 / 91 / 0600-525 $ 01.30/0. -Please order a reprint rather than making your own copy. K-quantum number of the limiting prolate symmetric top) were expected to exhibit rather fast Stark effects due to /^-matrix elements connecting the near-degen erate Ka-doublets. An extensive search with our Stark effect-modulated spectrometers [3] , run at a low mod ulation field strength, failed to detect any such transi tions. Thus, /ia must be exceedingly small, even smaller than the value predicted from a vector addition of the reported dipole moments of F2C = CH2 [4] and H2C = CHBr [5] as also shown in Figure 1 .
In a second run high-field Stark modulated spectra as well as microwave Fourier transform spectra were recorded in the X-and K-band region (8 to 26 GHz) and typical bromine quadrupole hfs patterns were searched for. Looking for the expected quadrupole hfs pattern, the J o j-* J \j~\ /VtyPe <2-branch could be tentatively assigned for both isotopic species. To con firm this tentative assignment, a microwave-micro wave double resonance spectrometer was assembled as shown in Figure 2 . In this spectrometer the strong X-band pump radiation is set on a tentatively assigned Q-branch transition. It is chopped (100 kHz on/off) and the signal frequency is swept over a K-band region in which a yet unassigned transition, connected to the pump transition by a three level double resonance scheme, is suspected. Fhe insert of Fig. 2 shows an example. With lock-in detection at the modulation frequency of the pump, only those transitions which involve one of the pumped states are modulated and detected.
The correct assignment of the transitions could be easily confirmed that way, as is demonstrated in Figs. 3 and 4 .
Pumping on the 707 -> 716 transition, the 716 725 transition could be assigned, which gave access to the Ji j -i J 2 j -2 Q-branch. Pumping on the 50S -> 514 and 606 ->615 transitions, respectively, the 505 ->6]6 and 606 ->717 R-branch transitions could be assigned. 15 MHz section of a MWFT power spectrum of l-bromo-2,2-difluoroethylene, which shows the four most in tense quadrupole hfs satellites of the 717 -* 606 rotational tran sition of CF2=CH81Br. The additional four lines turned out to belong to the 725 ->716 Q-branch transition of the same iso topic species. For the final assignment a double resonance experiment was carried out (see Figs. 2 and 4) . The experimental conditions were: Sample pressure: 91 Pa (7 mTorr); temperature: -43 °C; polarization frequency: 26 023.000 MHz; delaytime after the end of the pulse: 2500 ns; sampling rate: 10ns; 1 k data points with 3072 zeros added prior to the Fourier transformation. Relative satellite intensi ties of the satellites, as they would be observed in a cw-spectrometer, are given in brackets. Intensity deviations as seen here are typical for MWFT spectra. They reflect differences in the polarization efficiency due to different offsets with respect to the frequency in the polarizing pulse.
This did lead to sufficiently accurate rotational con stants to identify in total 40 rotational transitions for the 79Br species and 38 for the 81 Br species.
The spectra were analyzed using the effective Hamiltonian He{{/h = HR /h + HCD/h + HQ/h (1) with HR/h = A J2 + BJb + C J 2 , (la) This Hamiltonian includes the bromine nuclear quadrupole coupling, HQ, as well as centrifugal distor tion corrections, HCD, up to fourth order. It is given in frequency units. For the derivation of the fourth order centrifugal distortion Hamiltonian we refer to [6, 7] . For a general discussion of nuclear quadrupole cou pling we refer to [8] ,
The Hamiltonian matrix was set up in the coupled basis for the limiting symmetric top, | J, Ka, I, F, MF) [9] . This matrix factorizes into F-blocks (F = quantum number corresponding to the overall angular momen tum including the spin of the bromine nucleus, I, and the rotational angular momentum, J, but neglecting all other spins). The F-blocks were diagonalized numer ically. The transition strengths were obtained by the corresponding transformation of the direction cosine matrix elements. Our program <HFS> [10] was used for the calculations.
Because of the small inertia defect the equilibrium configuration is clearly planar. Therefore, there are only four nonzero components of the electric field gradient tensor, caused by extra-nuclear charges, i.e. . hfs matrix elements associated with yah are off-diagonal in the rotational quantum numbers JK dKc. Therefore, in most cases they only lead to minor shifts of the hfs sublevels (-> second order perturbation theory). However, in the case of accidental close degeneracies shown here, these shifts can become substantial. Vertical connections indicate nonvanishing hfs matrix elements associated with yab. The 918 state is involved as the lower state in the heavily perturbed hfs pat tern shown in Figure 5 .
the three quadrupole coupling constants (Xbb + XccX {Xbb -Xcc), and yab were fitted simultaneously. In view of the sufficiently close "accidental degener acy" of different rotational states, also xab could be determined with high accuracy (comp. Figs. 5 and 6).
In Tables 1 and 2 we present our observed and as signed transition frequencies. In Tables 3 and 4 we present the molecular parameters together with the correlation matrix of the fit.
Discussion

A) Bromine Nuclear Quadrupole Coupling
Sufficiently close accidental degeneracies allowed for an accurate experimental determination of the offdiagonal coupling constants, Xab■ Thus the quadru pole coupling tensors of both isotopic species could be completely determined including their orientation with respect to the molecular principal inertia axes. 4 . Double resonance spectra corresponding to the M WFT spectrum shown in Figure 3 . The hfs pattern of the 716 -+ 725 transition does not show up any more since its intensity is not modulated by the pump radiation. The different intensity patterns arise because of different settings of the pump frequency: a) pump at 11 294.70 MHz corresponding to the F= 15/2 ->F' = 15/2 satellite of the 6O6->6015 transition; b) pump set to 11 299.66 MHz (9/2-+9/2 satellite); c) pump set to 11 271.92 MHz (13/2-» 13/2 satellite); d) pump set to 11 277.30 MHz (11/2 -11/2 satellite). The "bar spectrum" gives the relative hfs intensities as they would be observed in a cw-spectrometer. Table 1 . Assigned rotational transitions for the vibronic ground state of F2C = CH 9Br. Only nh-type transitions could be observed. The calculated frequencies were obtained from the molecular parameters presented in Table 3 by numerical diagonalization of the Hamiltonian matrix corresponding to (1) . As experimental frequencies we present our microwave Fourier transform results. They were directly fitted to the observed transient emission signals [25] . To this end the three equations, which relate the observed coupling constants yaa, ybb and xab t0 the principal axes coupling constants yax, yßß and to the angle «9 between the a-axis of the coupling tensor and the a-axis of the moment of inertia tensor were solved for D, yxx, and yßß (compare Figure 7) . laa = cos2 (a a) + cos2 (a ß) yßß = cos2(.9) Za3( + sin2(5) yßß, 
The combination of (5) with the difference between (4) and (3) leads to the equation for «9:
Finally, insertion of 3 into (3) and (4) leads to yxx and ypp. Our results are presented in Table 5 and pictorially in Figure 7 . As is seen from Fig. 7 , the quadrupole coupling ten sor is closely aligned to the C-Br-bond. This feature was expected, since the elements of the quadrupole coupling tensor are closely related to the second derivatives of the intramolecular Coulomb potential caused by the charge distribution outside the nucleus (see above). Assumed structure of F2C=CHBr with the principal inertia axes a and b and the principal axes a and ß of the bromine nuclear quadrupole coupling tensor. The angle 9 is the angle between the a-and the 2-axis. Since yab was acces sible due to accidental degeneracies it could be determined experimentally with high accuracy. The hyperbolas indicate isopotential curves of the quartic contribution to the intra molecular Coulomb potential which arises from the extranuclear charge distribution. Dashed curves correspond to a negative potential.
It is now interesting to compare the bromine coupling tensors observed here with their values in H2C = CHBr [11] and H3C -H C =C H B r [12] , which are also given in Table 5 for comparison.
While substitution of hydrogen by the methyl group has only a small effect on the electric field gradient or quadrupole coupling tensor, fluoride substitution causes considerable changes. Within a simplified LCAO-molecular orbital description [13] these changes are directly related to the p-orbital densities (bond order matrix elements), Paa, Pßß, etc. by Xa* = h l eqnWQ p Pßß + Pyy (and cyclic permutations). (7) Here qnl0 is the expectation value for the second derivative of the Coulomb potential which would be caused by an electron in a valence shell p-orbital of the bromine. With eQqnl0/h values from the work of King and Jaccerino [14] (-769.756 MHz for 79Br and -643.033 MHz for 81Br) and with the additional assumption that the in-plane p-orbital perpendicular to the C-Br-bond is doubly occupied, i.e. Pßß = 2, bromine p-densities were derived from the experimen tal coupling constants according to (7) . They too are presented in Table 5 . As is seen from these densities, the main effect of F substitution, at least within the approximations which lead to (7), is to reduce the electron density in the p-orbital in bond direction. This appears intuitively pleasing since the electro negative F-atoms are expected to pull electrons in their direction along the cr-bonds. For comparison we did also carry out ab initio calculations at the proposed microwave structures, [15, 16] and this work. To this end we did run the Gaussian 88 program of Pople and coworkers [17] . The STO-3G basis was used. The results are also presented in Table 5 . For the conversion from the ab initio field gradients (in atomic units) to the quadru pole coupling constants (in MHz) we have used -98. respectively. They were fitted for best reproduction of the experimental data and should be regarded as basis set dependent conversion factors rather than the real nuclear quadrupole moments.
For the p-orbitals perpendicular to the C-Br-bond the STO-3G gross p-populations differ from the Townes-Dailey values only by 0.3 to 0.5%. They are systematically lower. The differences of the p-densities in bond direction are slightly larger. Here the STO-3G values are systematically by about 10% lower than the Townes-Dailey results. It appears that the bromine nuclear quadrupole coupling constants can be predicted within about +2% from STO-3G wavefunctions. The slightly larger discrepancies between the experiment and the STO-3G prediction which are observed in the case of trans-H3C -C H = CHBr are probably due to the larger experimental uncertainties in the early microwave spectroscopic investigation.
B) Molecular Structure
In principle, microwave spectroscopy provides one of the most accurate methods for the evaluation of molecular structures [18] . This structural information is contained in the rotational constants. Each experi mental rotational constant provides one equation of condition which must be fulfilled by the structural parameters. Unfortunately, in planar molecules the Table 2 . Assigned rotational transitions for the vibronic ground state of F2C=CH81Br. Only //b-type transitions could be observed. The calculated frequencies were obtained from the molecular parameters presented in Table 4 by numerical diagonalization of the Hamiltonian matrix corresponding to (1) . As experimental frequencies we present our microwave Fourier transform results. They were directly fitted to the observed transient emission signals [26] Table 4 . Vibronic ground state parameters for F2C = CH81Br. They result from the simultaneous fit of the rotational constants, the centrifugal distortion constants and the Br nuclear quadrupole coupling constants to the observed frequencies listed in Table 2 . three equations corresponding to the measured rota tional constants are not independent, since they must obey the planarity condition (within the rigid rotor approximation each rotational constant can be calcu lated from the others by C~1 = A~1 + B~l). Thus, for planar molecules, each set of three rota tional constants, experimentally determined for an in dividual isotopic species, is equivalent to only two equations of condition for the structural parameters. In our case the situation is even worse, since the heavy bromine atoms are placed almost exactly on the a-axis of the principal inertia axes tensor. This essentially reduces the useful information contained in our mea sured rotational constants to at most three equations F. Oldag and D. H. Sutter • The Microwave Rotational Spectra of F2C=CH 9Br Table 5 . Diagonal elements of the bromine nuclear quadru pole coupling tensors in their own principal axes system (given in MHz) and the corresponding p-orbital densities (or bond order matrix elements) as calculated from (7) . The Pßß-values were kept fixed to 2.0000 in order to account for the assumption that these electrons do not participate in the chemical bond.
The corresponding STO-3G results are presented in the last two columns. For the conversion from the field gradients to the experimental units we used -98. 25 of condition, one corresponding to the A constant which is essentially equal for both bromine species, and two corresponding to the two different B con stants. In practice only two structural parameters could be fitted to the observed rotational constants simulta neously.
In view of our interest in approximate values of the rotational constants of the remaining isotopic species Table 6 . Assumed structure for l-bromo-2,2-difluoroethylene. The bond angles F j-C^C j and Br C2 = Cl were fitted to the observed rotational constants for the 9Br-species, /t(79Br)= 10.717 208 GHz and ß(79Br)= 1.453 478 GHz, re spectively. During this fit the angle F2-C t = C2 was kept 1° larger than the angle F1-C 1 = C2 in order to account for "F, • • Br repulsion". All other parameters were kept fixed. The calculated rotational constants presented in Table 7 were obtained from this structure with the fitted angles rounded to four decimals. The values were obtained within the rigid rotor approxima tion from the structure presented in Table 6 . For the predic tion of the 13C spectra, the calculated C constants should be reduced by about 640 kHz in order to account for the inertial defect. From fits with other sets of present values we expect the predicted 13C rotational constants to be accurate within + 5 MHz (our predictions did fall into a range of only + 1 MHz). Note how well all six experimental rotational constants are reproduced from the assumed structure even though only A( 9Br) and ß(81Br) were used in the fit of the bond angles.
Rotat. F,C=CH79Br
F213C=CH79Br F,C=13CH79Br const. Several fits including two free structural parameters were carried out. The results which were most pleasing to us in view of known structural information for related molecules [19] [20] [21] [22] are presented in Tables 6  and 7 . To derive this structure we kept all bond lengths fixed to values slightly shorter than reported for related molecules. This was done in order to account for the shrinking in adjacent bonds, which is typical for the substitution of hydrogen atoms by halogen atoms [23] ,
The H -C = C bond angle was kept fixed to 123.5° i.e. about the value in F2C = CHC1 [24] (all rotational constants depend very little on its exact value). The F2-C 1= C 2 angle, where F2 is the fluorine eis to bromine, was set as 1° larger than the F1-C 1-C 2 angle in order to account for F • • • Br repulsion, and finally the angles F1-C 1= C 2 and B r-C 2 = C! were fitted to the experimental rotational constants A and B for the 79Br species. Essentially the same procedure was carried out with £ F1-C 1 = C2 = £ F2-C 1 = C2 and with ^F 1-C 1 = C2= ^F 2-C 1= C 2+ 2°, but our proposed structure obtained for the 1° difference is slightly better in reproducing all six observed rota tional constants. Further fits with slightly increased bond lengths were also carried out in order to get some feeling for the uncertainties in the rotational constants predicted for the monosubstituted 13C-species.
In all these fits the predicted 13C rotational con stants varied only within a range of ± 1 MHz. Fherefore, if we include an additional uncertainty of + 4 MHz to account for differences in the effects of zero point vibrations, we believe that a total uncer tainty in the rotational constants of ±5 MHz will provide reasonable bounds for searching the hitherto unassigned 13C transitions.
With the dramatic increase in sensitivity gained by the combination of microwave Fourier transform spectroscopy and molecular beam techniques, such a search should be feasible even with 13C species in natural abundance. It is planned at our laboratory in the near future.
